Introduction {#S0001}
============

Human epidermal growth factor receptor 2 (HER2) belongs to the ErbB/HER receptor tyrosine kinase family. As a transmembrane glycoprotein, it is divided into three domains: an extracellular domain (ECD) which includes four subdomains (I-IV), a transmembrane domain and a tyrosine kinase domain.[@CIT0001] HER2 amplification/overexpression is implicated in carcinogenesis and increased risk for progression,[@CIT0002] promoting its use as a promising target for immunotherapy across a variety of tumour types.[@CIT0003]--[@CIT0005] For example, there are already two FDA-approved monoclonal antibodies targeting HER2, trastuzumab and pertuzumab. Trastuzumab, a humanized antibody targeting subdomain IV of the HER2 extracellular domain,[@CIT0006] combined with chemotherapy serves as a first-line treatment in HER2-positive breast/gastric cancer.[@CIT0007],[@CIT0008] Pertuzumab is a HER2 dimerization inhibitor that specifically binds to extracellular subdomain II,[@CIT0006] and its combination with trastuzumab and chemotherapy has been approved for treating HER2-positive breast cancer in the neoadjuvant, adjuvant and metastatic settings ([Figure 1](#F0001){ref-type="fig"}).[@CIT0009]--[@CIT0011] Despite their advances in clinical applications, the emergence of primary and acquired drug resistance to HER2-targeted antibodies has hindered their further application.[@CIT0012]--[@CIT0014] Previous studies have reported that the drug resistance mechanisms of trastuzumab and pertuzumab include dysregulation of ErbB family receptors,[@CIT0015],[@CIT0016] loss of PTEN,[@CIT0017] and mutations of PI3KCA that result in the activation of the PI3K/Akt signal pathway.[@CIT0018]Figure 1The distinct binding epitopes of HER2-targeted monoclonal antibodies approved by the FDA. Trastuzumab binds to subdomain IV of the HER2 extracellular domain. Pertuzumab binds to an epitope in subdomain II, the dimerization domain of HER2.

In addition to the well-studied intrinsic/acquired resistance mechanisms, anti-HER2 antibody resistance can also be caused by somatic mutations of the HER2 receptor. As reported by Ou and colleagues,[@CIT0019] mutations at the amino acid residues V659 and G660 (located in the HER2 transmembrane domain) have been shown to reduce HER2 protein degradation and stabilize HER2 dimerization, thus these mutations are associated with resistance to trastuzumab. Drug resistance driven by somatic mutations also exists with other therapies targeting ErbB family members. The S492R mutation in the EGFR extracellular domain was found to be the key factor in cetuximab treatment resistance.[@CIT0020] Tumours with a HER2 tyrosine kinase mutation (L755S, L755P, T798M or T798I) showed primary or acquired resistance to lapatinib.[@CIT0021]--[@CIT0023] Therefore, somatic mutations are emerging as important factors in the development of resistance to targeted therapies.

In this study, we analysed the frequency of somatic mutations across various tumour types based on TCGA and COSMIC databases and discovered that the S310F mutation, located in subdomain II of HER2 ECD, was the most frequent substitution among all tumour types and HER2 mutations. We analysed the effect of the S310F mutation on the interaction between pertuzumab and HER2 by molecular modelling analysis. Then, we further evaluated the effect of the S310F mutation through multiple functional assays.

Materials and Methods {#S0002}
=====================

Cancer Somatic Mutation Analysis {#S0002-S2001}
--------------------------------

The somatic mutations of 33 cancer types were downloaded from TCGA ([<https://gdc.cancer.gov/>]{.ul}, MC3 project) and COSMIC ([<https://cancer.sanger.ac.uk/cosmic>]{.ul}, V89) databases. The list of cancer-associated genes was extracted from the Cancer Gene Census of COSMIC ([<https://cancer.sanger.ac.uk/census>]{.ul}). The missense mutations of tumour-associated genes that lead to altered amino acid property within the extracellular domain of membrane proteins were extracted by TMHMM ([<http://www.cbs.dtu.dk/services/TMHMM/>]{.ul}), and further screening was carried out via UniProt ([<https://www.uniprot.org/>]{.ul}) database. Then, the selected mutations were analysed by R software ([<https://www.r-project.org/>]{.ul}) to depict the distribution across 33 cancer types.

Cell Culture and Reagents {#S0002-S2002}
-------------------------

NIH3T3 and MCF7 cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences (China), and cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Grand Island, NY, USA) supplemented with 10% foetal bovine serum (FBS, Gibco) and antibiotic (1% penicillin/streptomycin (P/S)). HEK293F cell line was a generous gift from Qilin Zhang's laboratory of Tsinghua University and was cultured in SMM 293-TI (Sino Biological, China) with 0.5% FBS and 1% P/S. All cells were maintained in a 5% CO~2~ humidified atmosphere at 37°C. Pertuzumab and trastuzumab monoclonal antibodies were kindly provided by Zhejiang Hisun Pharmaceutical Co., Ltd. (China).

Molecular Modelling Analysis {#S0002-S2003}
----------------------------

Using the X-ray structure of the HER2-pertuzumab complex (Protein Data Bank (PDB) ID: 1S78) as a template, the Ser310 of HER2 was mutated to Phe310 by PyMOL software (The PyMOL Molecular Graphics System, Schrödinger, LLC, NY, USA). In addition, the HER2-pertuzumab complex was also analysed by using the HawkDock server.[@CIT0024]--[@CIT0027]

Plasmid Construction and Transfection {#S0002-S2004}
-------------------------------------

The pCMV3-HER2 cDNA and pCMV3-HER3 cDNA plasmids were purchased from Sino Biological. The HER2 929C_T point mutation (from the first ATG of HER2 cDNA) was constructed by polymerase chain reaction (PCR) with primers 1 and 2 and confirmed by DNA sequencing. HER3 cDNA gene was amplified from the pCMV3-HER3 plasmid, and EcoRI and NotI restriction enzyme sites were added at both ends with primers 3 and 4. Then, the full-length sequence was inserted into the pMH3 expression vector. All primers are listed in [[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}.

NIH3T3 cells were co-transfected with the wild-type (WT)/S310F-mutant HER2 and HER3 constructs using Lipofectamine 3000 according to the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA). MCF7 cells were transfected with the WT/S310F-mutant HER2 construct using the above method. For stable ectopic expression, stable WT/S310F-mutant HER2-expressing NIH3T3 cells were selected with Hygromycin B (Solarbio, China) and G418 (Sangon Biotech, China). Stable WT/S310F-mutant HER2-expressing MCF7 cells were selected with Hygromycin B.

Flow Cytometry Analysis {#S0002-S2005}
-----------------------

NIH3T3 cells expressing WT/S310F-mutant HER2 were used to evaluate the anti-HER2 antibody affinity. WT and mutant HER2 cells (6×10^5^) were harvested using 0.25% trypsin-EDTA solution and washed twice with ice-cold phosphate-buffered saline (PBS, pH 7.4). Then, cells were incubated with pertuzumab or trastuzumab in staining medium (PBS with 1% bovine serum albumin (BSA)) for 30 min on ice. After incubation, cells were washed twice and then incubated with FITC-conjugated goat anti-human IgG (H+L) (Beyotime, China) for 30 min. After washing, cells were suspended in 500 µL PBS and examined on a Cytomics FC500 MCL flow cytometer (Beckman Coulter, Brea, CA, USA).

Expression and Purification of Recombinant Fusion Proteins {#S0002-S2006}
----------------------------------------------------------

Recombinant fusion proteins for enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance (SPR) analysis were produced in HEK293F cells. Briefly, DNA encoding the human WT (HER2-ECD-WT) or S310F-mutant (HER2-ECD-S310F) HER2 extracellular domain (ECD, amino acids 23--652) was fused with the human IgG1 Fc gene and cloned into the pMH3 expression vector. Then, the obtained HER2-ECD-WT/S310F Fc fusion plasmid was transiently transfected into HEK293F cells using polyethylenimine (PEI). Cell culture supernatants containing the above fusion protein were collected at three days post transfection, and HER2-ECD-WT/S310F Fc fusion protein was purified by using a HiTrap Protein A column (GE Healthcare, PA, USA). Purified fusion proteins were analysed by SDS-PAGE.

Enzyme-Linked Immunosorbent Assay {#S0002-S2007}
---------------------------------

The relative affinities of pertuzumab and trastuzumab to WT/S310F-mutant HER2 were measured by ELISA. HER2-ECD-WT/S310F Fc-tagged protein (1 µg/mL) was coated on a 96-well plate at 4°C overnight, and the plate was blocked with PBS containing 2% BSA for 2 h at 37°C to avoid non-specific binding. Serial dilutions of pertuzumab and trastuzumab were added into the plate and incubated for 2 h at 37°C. Then, the plate was washed with PBST (PBS containing 0.05% Tween 20) three times, and polyclonal goat anti-human kappa horseradish peroxidase (HRP)-conjugated antibody was added into the plate and incubated for 2 h. After washing, tetramethyl benzidine (TMB) was added into the plate and incubated for 20 min in the dark. The absorbance at 450 nm was measured by a 680 Microplate Reader (Bio-Rad, CA, USA).

Surface Plasmon Resonance Assay {#S0002-S2008}
-------------------------------

SPR assay was performed on a Biacore 3000 instrument (GE Healthcare) at 25°C. WT and S310F-mutant HER2-ECD Fc-tagged proteins were immobilized on a CM5 sensor chip using the amine coupling reaction following the manufacturer's instructions. The coupling density of HER2-ECD-WT/S310F Fc antigen was typically restricted to 300 response units (RU). All analytes (trastuzumab and pertuzumab) were prepared by serial dilution from 0.96 nM to 600 nM in HBS-EP buffer (pH 7.4, GE Healthcare) and injected over the CM5 sensor chip at a flow rate of 30 µL/min for 3 min. The dissociation step lasted for 450 s. The sensor chip was regenerated with 10 mM citrate sodium and 1 M NaCl (pH 3.0) at each cycle. Kinetic parameters were analysed using Biacore's evaluation software.

Western Blot Analysis {#S0002-S2009}
---------------------

NIH3T3 cells co-expressing HER2 (WT/S310F) and HER3 receptors were seeded in 6-well plates in DMEM culture medium containing 1% FBS. Cell medium was replaced with serum-free medium, and cells were pretreated with or without 600 nM pertuzumab or trastuzumab for 2 h. Then, cells were treated with 5 nM HRG-β1~177-244~ (HRG) or culture medium (negative control). All cells were washed with PBS and lysed using cell lysis buffer (P0013, Beyotime) supplemented with PMSF (1 mM) and protease inhibitor (1 mM) on ice for 1 h. Supernatants were collected after centrifugation at 14,000 ×g for 10 min at 4°C and the protein concentration was measured with the Enhanced BCA Protein Assay Kit (Beyotime). Cell lysates were separated on a 8% SDS-PAGE gel and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with TBST (Tris-buffered saline with 0.1% Tween 20) containing 5% BSA for 2 h at 37°C and washed three times with TBST. Then, the membranes were incubated with the following primary antibody: anti-phospho-HER2/ErbB2 (Y1221/1222) monoclonal antibody, anti-HER2/ErbB2 or anti-β-actin polyclonal antibody (Beyotime) at 4°C overnight. After washing, the membranes were incubated with goat anti-rabbit/mouse IgG (H+L) HRP-conjugated antibody for 2 h at 37°C. Protein bands were visualized using ECL reagent and exposed on a gel imaging system (Bio-Rad).

Cell Viability Test {#S0002-S2010}
-------------------

MCF7 cells and MCF7 cells expressing WT (MCF7-HER2 WT) or S310F-mutant (MCF7-HER2 S310F) HER2 were collected for the cellular activity test. MCF7, MCF7-HER2 WT and MCF7-HER2 S310F cells were seeded at a density of 3×10^3^ cells per well into 96-well microtiter plates in DMEM culture medium with 1% FBS. After overnight incubation, 2 nM HRG with or without 300 nM pertuzumab/trastuzumab or culture medium was added into the wells, and cells were treated with various conditions for 5 days. Cell viability was measured by using the Cell Counting Kit-8 (CCK-8, Japan) and the absorbance values at 450 nm were analysed by a 680 Microplate Reader.

Statistical Analysis {#S0002-S2011}
--------------------

Statistical analysis was performed using GraphPad Prism 5 software. One-way analysis of variance (ANOVA) was applied for multiple sets of data to determine statistical significance (\*\*\*P \< 0.001).

Results {#S0003}
=======

The Frequency of Somatic Mutations Across Various Tumours {#S0003-S2001}
---------------------------------------------------------

According to the TCGA MC3 project, there were more than 1.5 million missense mutations in 10,033 cancer samples. Among these mutations, we focused on the mutations with altered amino acid property, occurring in the extracellular domains of membrane proteins which are encoded by tumour-associated genes. Recurrent mutations with more than three occurrences among all cancer samples were further analysed. HER2 S310F was the most frequent (n=43) among these mutations, followed by FGFR2 S252R (n=27) and EGFR G598V (n=15) ([Figure 2A](#F0002){ref-type="fig"}, [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=232912.pdf)]{.ul}). Among all cancer types, bladder urothelial carcinoma (BLCA) and stomach adenocarcinoma (STAD) tended to have a higher probability of acquiring the S310F mutation ([[Figure S2A](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}). The mutation landscape of HER2 was also analysed in BLCA, STAD and breast invasive carcinoma (BRCA). The S310F mutation turned out to be the most frequent mutation in STAD and BLCA, with 6 occurrences among the 440 cancer samples and 21 occurrences among the 412 cancer samples, respectively ([[Figure S2B](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}--[[C](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}). The S310F mutation did not show up in the mutation landscape of BRCA, with only 1 occurrence among the 986 cancer samples ([[Figure S2D](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}). Furthermore, the distribution of HER2 mutations extracted from COSMIC database also indicated that the frequency of the S310F mutation was the highest among all HER2 mutations ([Figure 2B](#F0002){ref-type="fig"}). Similarly, the S310F mutation was also the most frequent mutation within all HER2 mutations in BLCA, STAD and BRCA ([[Figure S3A](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}--[[C](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}). Overall, we found that the S310F mutation of HER2 ECD was the most frequent mutation among all tumour types and HER2 mutations.Figure 2The distribution and frequency of HER2 S310F mutation in tumours. (**A**) The distribution of recurrent mutations (more than five occurrences in an individual cancer type) in the extracellular domain of membrane proteins. The numbers mean the occurrences of each mutation in the same tumour. Different cancer types are represented by different colours. (**B**) The distribution of HER2 mutations based on COSMIC database.**Abbreviations:** BLCA, bladder urothelial carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; GBM, glioblastoma multiforme; LGG, brain lower grade glioma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma.

Molecular Modelling Analysis of the Interaction Between Pertuzumab and S310F-Mutant HER2 {#S0003-S2002}
----------------------------------------------------------------------------------------

The S310F mutation causes a substitution of serine to phenylalanine at amino acid 310, which maps to the pertuzumab epitope on HER2 ([Figure 3A](#F0003){ref-type="fig"}). We performed molecular modelling to predict the effect of the S310F mutation on pertuzumab binding to HER2. Compared to WT HER2, the S310F-mutant HER2 introduced a nonpolar side chain, which was predicted to decrease the interaction between pertuzumab and HER2 ([Figure 3B](#F0003){ref-type="fig"}).Figure 3Molecular modelling of the interaction between pertuzumab and HER2. (**A**) Structure visualization of the HER2-pertuzumab complex (PDB: 1S78), including the HER2 extracellular domain (bluish-green), pertuzumab's light chain (purple) and heavy chain (green). The position of HER2 Ser310 was confirmed at the interface of HER2 and pertuzumab. Selected side chains from HER2 and pertuzumab are shown in stick representation, with carbons coloured by domain, nitrogens blue, oxygens red and hydrogens grey. The backbones are shown in ribbon representation. (**B**) Molecular modelling of pertuzumab bound to WT/S310F-mutant HER2. Hydrogen bonds are shown as red dashed lines. (**C**) The top 10 critical residues of the HER2-pertuzumab interaction predicted by the HawkDock server.

In addition, to further explore the importance of HER2 residue S310, the HawkDock server was used to analyse the key residues of the binding interface of the HER2-pertuzumab complex. As shown in [Figure 3C](#F0003){ref-type="fig"}, the energy contribution of Ser310 ranked third and reached −5.26 kcal mol^−1^, mainly coming from the electrostatic potentials (−7.53 kcal mol^−1^), suggesting that the residue S310 was quite important for the formation of the HER2-pertuzumab complex.

S310F Mutation Prevented Pertuzumab Binding to HER2 {#S0003-S2003}
---------------------------------------------------

NIH3T3 cells are a mouse fibroblast cell line that lacks endogenous EGFR, HER2, and HER3.[@CIT0023] We expressed WT or S310F-mutant HER2 in NIH3T3 cells to investigate the exact effect of the S310F mutation on pertuzumab binding affinity. We preliminarily measured the pertuzumab affinity to these two cell lines by flow cytometry analysis. The binding epitope of trastuzumab on HER2 is completely inconsistent with that of pertuzumab. Thus, trastuzumab was used as the positive control, and its binding ability to these two cell lines was also measured. As depicted in [Figure 4A](#F0004){ref-type="fig"}, pertuzumab could efficiently bind to cells expressing WT HER2 but not to cells that expressed S310F-mutant HER2. Unlike pertuzumab, trastuzumab retained the ability to bind to both WT and S310F-mutant HER2 cells. We found that the affinity of pertuzumab for NIH3T3-HER2 WT cells was dose-dependent, but no detectable increase in pertuzumab affinity for NIH3T3-HER2 S310F cells was observed ([Figure 4B](#F0004){ref-type="fig"}). Consistent with the abovementioned molecular modelling, the S310F mutation led to a significant reduction in pertuzumab binding relative to WT HER2.Figure 4The binding affinities of anti-HER2 antibodies for WT/S310F-mutant HER2. (**A**) The binding affinities of pertuzumab and trastuzumab for NIH3T3 cells expressing WT (HER2 WT) or S310F-mutant (HER2 S310F) HER2. NIH3T3 cells were used as a negative control. (**B**) The affinities of serial concentrations of pertuzumab and trastuzumab for WT (NIH3T3-HER2 WT) or S310F-mutant (NIH3T3-HER2 S310F) HER2 cells. (**C**) Comparisons of pertuzumab and trastuzumab interacting with WT (HER2-ECD-WT) or S310F-mutant (HER2-ECD-S310F) HER2 ECD protein by ELISA as described in the materials and methods. (**D**) The kinetic parameters for trastuzumab and pertuzumab derived from the fitted data models according to SPR analyses.

Pertuzumab Affinity for WT/S310F-Mutant HER2 ECD Protein {#S0003-S2004}
--------------------------------------------------------

We further compared the affinities of pertuzumab and trastuzumab for WT/S310F-mutant HER2 ECD protein through ELISA. WT and S310F-mutant HER2 ECD Fc-tagged proteins were successfully expressed by HEK293F cells and analysed by SDS-PAGE under reductive condition ([[Figure S4](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}). As shown in [Figure 4C](#F0004){ref-type="fig"}, the S310F-mutant HER2 ECD was selectively defective in binding pertuzumab but not trastuzumab. The binding affinity of pertuzumab for S310F-mutant HER2 ECD was substantially unchanged with increasing antibody concentration. As expected, WT HER2 ECD could bind to both two antibodies. An in vitro biochemical binding study proved once again that the S310F mutation interfered with the binding of pertuzumab to HER2.

Kinetic Characteristics of Pertuzumab Interaction with WT/S310F-Mutant HER2 Antigen {#S0003-S2005}
-----------------------------------------------------------------------------------

The kinetics of anti-HER2 antibodies binding to WT/S310F-mutant HER2-ECD-Fc antigen were determined by SPR assay. The binding curves were fitted using a bivalent analyte model ([[Figure S5](https://www.dovepress.com/get_supplementary_file.php?f=232912.docx)]{.ul}). The apparent association, dissociation and equilibrium dissociation rate constants obtained from the fitted data models are shown in [Figure 4D](#F0004){ref-type="fig"}. Trastuzumab and pertuzumab exhibited high affinities for the WT HER2 antigen, and the K~D~ values were determined to be 1.56 nmol/L and 9.61 nmol/L, respectively. Both antibodies binding towards WT HER2 antigen showed similar association and dissociation rate constants. These values were very close to the previously reported apparent bivalent affinities for trastuzumab and pertuzumab.[@CIT0028] In addition, trastuzumab was still able to bind to the S310F-mutant HER2 antigen, with a high affinity (K~D~=1.64 nmol/L). Pertuzumab did not have any detectable binding to the S310F-mutant HER2 antigen, and the K~D~ value could not be determined. The SPR results also showed that the S310F mutation disrupted the interaction between pertuzumab and HER2 receptor.

Effect of the S310F Mutation on Pertuzumab-Mediated Inhibition of HER2 Signalling {#S0003-S2006}
---------------------------------------------------------------------------------

We then tested whether the efficacy of pertuzumab could be completely abolished by the S310F mutation. WT/S310F-mutant HER2 and HER3 constructs were cotransfected into NIH3T3 cells ([Figure 5A](#F0005){ref-type="fig"}). We assessed the effect of the S310F mutation on pertuzumab-mediated inhibition of HER2 signalling via these two cell lines. Previous studies have shown that pertuzumab inhibits HER2 signalling that is initiated by ligand-mediated dimerization, whose downstream signals include HER2 intracellular phosphorylation, MAPK and PI3K/Akt.[@CIT0029] In contrast to pertuzumab, trastuzumab is only effective in blocking the signalling induced by increased HER2 dimerization in the absence of ligand binding. In this assay, the intracellular phosphorylation signalling of WT or S310F-mutant HER2 was activated by HER3-ligand heregulin (HRG)-induced dimerization ([Figure 5B](#F0005){ref-type="fig"}). Pertuzumab significantly reduced ligand-stimulated WT HER2 signalling. However, there was no reduction in S310F-mutant HER2 signalling in response to pertuzumab. Trastuzumab had little effect on ligand-activated HER2 signalling, which is consistent with previous studies.[@CIT0030]Figure 5Effect of S310F mutation on the antitumour activity of pertuzumab. (**A**) NIH3T3 cells were used as the parental cell line and negative control, pCMV3-HER2 WT/S310F-mutant and pMH3-HER3 constructs were cotransfected into NIH3T3 cells. (**B**) Different ability of pertuzumab to inhibit HER2 phosphorylation signalling in WT/S310F-mutant HER2 cell lines after stimulation with or without HRG. NIH3T3 cells co-expressing WT/S310F HER2 and HER3 were incubated with culture medium or pertuzumab/trastuzumab for 2 h and then stimulated with or without HRG. Western blotting was performed using antibodies for the indicated proteins. (**C**) HER2 expression levels of MCF7 cells and MCF7 cells transfected with WT (MCF7-HER2 WT) or S310F-mutant (MCF7-HER2 S310F) HER2 gene, respectively. (**D**) Cell viability of MCF7, MCF7-HER2 WT and MCF7-HER2 S310F cell lines treated with culture medium (basal), HRG, HRG+pertuzumab or HRG+trastuzumab. Cell viability (%) is represented as the mean ± SD. One-way analysis of variance (ANOVA) was applied for statistical comparisons on multiple groups, \*\*\*p \< 0.001.**Abbreviation:** NS, no significance.

Antitumour Activity of Pertuzumab Against WT/S310F-Mutant HER2-Positive Tumour Cells {#S0003-S2007}
------------------------------------------------------------------------------------

We further evaluated the in vitro efficacy of pertuzumab in the HER2-overexpressing breast cancer cell line bearing the S310F mutation. MCF7 cells which have low level of endogenous HER2 and high endogenous HER3, were chosen as the parental breast cancer cell line.[@CIT0023] WT or S310F-mutant HER2 construct was transfected into MCF7 cells to establish a model of high expression, the WT/S310F-mutant HER2 breast cancer cell line ([Figure 5C](#F0005){ref-type="fig"}). Cell viability of MCF7, MCF7-HER2 WT and MCF7-HER2 S310F cell lines was measured under different treatment conditions ([Figure 5D](#F0005){ref-type="fig"}). The addition of HRG significantly increased the growth of MCF7, MCF7-HER2 WT and MCF7-HER2 S310F cells compared with that of the basal controls, which were incubated in the absence of HRG. In the presence of pertuzumab and HRG, the growth of MCF7-HER2 WT cells was significantly reduced to the basal level, while the cell viability of MCF7-HER2 S310F cell line was unaffected. Trastuzumab barely decreased HRG-induced cell viability in all cell lines.

Discussion {#S0004}
==========

In this study, we used bioinformatics to discover that S310F, an extracellular domain mutation of HER2, was the most frequent mutation within HER2 and among various tumours. We also unexpectedly found that the S310F mutation alone completely abolished the binding ability of pertuzumab to HER2 ECD, which provides different insights into the important role of somatic mutations in the resistance mechanism of anti-HER2 antibodies.

Taken together, the molecular modelling results revealed that residue S310 significantly contributed to the tight binding of pertuzumab with HER2 ECD. The S310F mutation disrupted the essential hydrogen bonds between residue S310 of HER2 and residue D31 of pertuzumab by introducing a hydrophobic benzene ring. A previous study conducted by Franklin et al.[@CIT0030] also showed that these two hydrogen bonds play a major role in the interaction of pertuzumab and HER2, indicating that disruption of hydrogen bonds in key contacting residues could dramatically attenuate pertuzumab binding affinity. Therefore, in addition to residue S310, we hypothesize that there might be similar effects when somatic mutation happens in other key residues such as V308 (based on our analysis by using the HawkDock server).

Previous studies reported that the S310F is an activating mutation that has been considered an oncogenic driver, or a promoter of cancer cell growth.[@CIT0023],[@CIT0031] Greulich et al.[@CIT0031] showed that the S310F mutation exhibited a significant increase in HER2 phosphorylation signalling and was implicated in colony formation and oncogenic potency when studied in NIH3T3, AALE and Ba/F3 cell lines. Activating mutations of the HER2 gene identified in various cancer types were shown to play an important role in tumorigenesis, and serve as promising targets in preclinical models.[@CIT0032],[@CIT0033] Recently, the focus on new antineoplastic strategies has turned to targeting activating mutations.[@CIT0034],[@CIT0035] However, we discovered that an activating mutation S310F within the HER2 ECD conferred resistance to pertuzumab by abolishment of the binding. In addition to the S310F mutation, G309A/E and S310Y mutations that were also verified as activating mutations mapping to the pertuzumab epitopes on HER2,[@CIT0023],[@CIT0031] suggesting that tumours bearing these mutations may be refractory to pertuzumab.

Trastuzumab is known to bind to extracellular subdomain IV, which results in the downregulation of ligand-independent HER2 signalling. However, trastuzumab is not effective in impairing ligand-activated HER2 heterodimerization,[@CIT0029],[@CIT0036] which is in agreement with our observation that trastuzumab did not significantly inhibit ligand-activated HER2 phosphorylation signalling. Therefore, it seems reasonable to argue that trastuzumab does not block important sites of HER2 receptor dimerization. The action-mechanism of pertuzumab is complementary to that of trastuzumab.[@CIT0037] Pertuzumab binds to the extracellular dimerization subdomain, prevents ligand-induced HER2 heterodimer formation with other HER receptors and inhibits subsequent HER2 downstream signalling. The combination of pertuzumab and trastuzumab has a synergistic anticancer effect, as it provides a more complete block of HER2 downstream signalling.[@CIT0037] In addition, a previous study showed that either pertuzumab or trastuzumab did not affect the response to the other.[@CIT0038] Despite the effectiveness of trastuzumab, clinical observations have shown that not all patients with HER2-positive tumours benefit from trastuzumab-based therapies. Moreover, a proportion of patients relapsed after a period of therapeutic response.[@CIT0036] These observations are the basis for combination with additional therapy, especially pertuzumab. Currently, pertuzumab is always used in combination with trastuzumab as a treatment for patients with HER2-positive breast cancer who have progressed on trastuzumab therapy, and the combination therapy has significantly prolonged the survival time of these patients.[@CIT0037] This means that pertuzumab plays an important role in cancer treatment. However, our discovery confirmed that HER2-positive tumour cells bearing the S310F mutation were resistant to pertuzumab therapy, which provides a theoretical basis and a guide for clinically avoiding the irrational use of pertuzumab in patients with HER2-positive breast cancer bearing the S310F mutation.

Recently, the JACOB study, a Phase III trial that evaluated the efficacy of adding pertuzumab to trastuzumab-based therapy for HER2-positive gastric cancer, did not meet its primary endpoint.[@CIT0039] As a consequence, more studies are needed to further screen out patients with gastric cancer who would benefit from dual targeting therapy. Here, we found that the S310F mutation occurred more frequently in gastric cancer than other HER2 mutations, and its frequency in gastric cancer was almost 10 times higher than that in breast cancer. Based on these data, thus we think that the S310F mutation is worthy to be considered in the clinical trial to classify gastric cancer patients more accurately, and it might be conducive to increasing the success rate of the clinical trial. However, we have no specific experimental data of the JACOB trial, and this assumption needs to be verified by extensive studies.

Many cancer-related genetic alterations, such as EGFR tyrosine kinase mutations L858R and T790M, have been included in clinical screening for treatment selection. Considering its destructive effect on pertuzumab binding in this study, it is rational to perform S310F mutation screening in patients with HER2-positive tumours prior to antibody therapy. Our study also further suggests the necessity of analysing somatic mutations in the extracellular domain of target receptors during antibody-based therapy.

Conclusions {#S0005}
===========

Our study demonstrated the loss-of-function mechanism underlying pertuzumab resistance in HER2-positive tumour cells bearing the S310F mutation. Our findings provide a molecular explanation for the potential clinical implications of the HER2 S310F mutation, and assist in identifying patients who would benefit from pertuzumab treatment.
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